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We consider light new particles χ and φ that carry baryon and lepton numbers. If these particles
are lighter than nucleons they lead to exotic decays such as p → pi+χ and p → e+φ, not yet
fully constrained by dedicated searches. For χ and φ masses in the GeV range proton decays are
kinematically forbidden but other decays of the forms baryon→meson+χ, meson→ baryon+χ¯, and
baryon→ anti-lepton+φ involving heavy initial hadrons are allowed. This opens up the possibility
to search for apparent baryon number violation not just in underground experiments such as Super-
Kamiokande and DUNE but also in decays of heavy hadrons in charm and B factories.
I. INTRODUCTION
There is growing interest in the particle-physics com-
munity in light neutral particles that may have evaded
our experiments due to their small couplings. The sim-
plest examples of light new scalars, fermions, and vector
bosons have been studied extensively in the literature,
both in UV-complete realizations and in the framework
of effective field theories, see Ref. [1] for a recent review.
In most studies it is assumed that these new light parti-
cles do not carry any conserved quantum numbers, which
is needlessly restrictive and misses interesting models and
signatures.
Seeing as all known fermions carry globally-conserved
baryon or lepton numbers, we will discuss scenarios in
which new light particles also carry B or L [2], which
leads to experimental signatures seldom discussed in the
literature. The simplest U(1)B and U(1)L assignments
are as follows:
1. Dirac fermion N with L = 1. This allows for a
renormalizable coupling LHN and leads to N mix-
ing with neutrinos. Such sterile (Dirac) neutrinos
have been discussed extensively in the literature,
see e.g. Ref. [3] for a recent collection of constraints.
2. Dirac fermion χ with B = 1 and effective coupling
to e.g. uddχ¯/Λ2. This coupling induces a mixing of
χ with neutral baryons such as the neutron and has
been discussed in Refs. [4–17], motivated in part by
the neutron lifetime anomaly [18].
3. Complex scalar δ with L = 2 and effective coupling
to the Weinberg operator (LH)2δ/Λ2. This leads
to an interaction vertex ν¯ν¯δ and has been discussed
in Refs. [19, 20].
4. Complex scalar φ with L = B = 1 and effective
coupling to e.g. QQQLφ¯/Λ3, leading to low-energy
interaction vertices such as p`φ¯ [17].
5. Complex scalar ξ with B = 2. An effective coupling
to e.g. (udd)2ξ¯/Λ6 leads to an interaction vertex
nnξ¯ at low energies.
We restrict ourselves to these simplest cases because
particles with larger B or L have effective couplings
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that are very suppressed and will be difficult to observe
outside of nuclear decays or indirect dark-matter detec-
tion [2]. If the scalars above obtained vacuum expecta-
tion values, the effective operators would lead to neu-
trinoless double beta decay (δ), proton decay (φ), and
neutron–anti-neutron oscillation (ξ), all of which are well
covered in the literature. In this article we are interested
in the case of unbroken global (or even local [21]) U(1)B,L
symmetries, so we assume scalar potentials that do not
lead to vacuum expectation values for these new scalars.
This opens up novel signatures of apparent baryon and
lepton number violation in heavy hadron decays.
II. FERMION WITH B = 1
New fermions carrying lepton number L = 1, i.e. sterile
neutrinos, have been widely discussed in the literature.
We will therefore focus on the sterile neutron case: a new
fermion χ with baryon number B(χ) = 1 and effective
Lagrangian [22]
Lχ = χ¯(i /∂ −mχ)χ+
(
uidjdkχ
c
L
Λ2ijk
+
QiQjdkχ
c
L
Λ˜2ijk
+ h.c.
)
.
(1)
Here and in the following we only show the flavor indices
and suppress Lorentz, color, and isospin indices. Since we
assume baryon number to be conserved, this Lagrangian
does not lead to neutron–anti-neutron oscillations. The
new neutral fermion χ will, however, eventually mix with
the neutron (and all other neutral baryons) and inherit
all of the neutron’s interactions, allowing us to produce
and detect it. Simple UV completions for this model can
be found in Refs. [11, 15]. For simplicity we will focus on
the interaction term udd involving right-handed quarks
in the following, since the QQd term yields essentially
the same phenomenology.
The phenomenology of χ depends crucially on its mass:
if χ is the lightest baryon, it will induce proton and neu-
tron decays that are stringently constrained by experi-
ments such as Super-Kamiokande [23]; however, if χ is
heavier than the neutron, nuclei will remain stable and
χ could still be produced in decays of heavier baryons
and mesons.
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2A. χ as the lightest neutral baryon
If χ is lighter than the neutron, the above Lagrangian
will generate the so-far unobserved neutron decay n →
χγ [9, 11]. For mχ < mp + me, the hydrogen decay
H → χν [16, 17] also opens up, and for mχ < mp −me
the proton decay channel p → χe+ν [17]. Lowering the
χ mass further eventually allows for search-friendly two-
body nucleon decay channels such as n → pi0χ and p →
pi+χ [8, 9, 13], with a decay rate of the order
Γ(p→ χpi+) ' |~ppi|
16pi
W 20
Λ4udd
(
1 +
m2χ
m2p
− m
2
pi
m2p
)
∼ 1
1033 yr
(
2× 1015 GeV
Λudd
)4
,
(2)
where W0 ' 0.189 GeV2 [24] describes the matrix el-
ement 〈pi+|(ud)RdR|p〉. Limits on these nucleon decay
modes only exist for mχ  mp, where χ mimics a neu-
trino: τ(p → pi+ν) > 390 × 1030 yr [25], τ(n → pi0ν) >
1100 × 1030 yr [25], τ(p → e+νν) > 170 × 1030 yr [26].
These limits push the scale Λudd above 10
15 GeV, similar
to other proton decay operators. Limits of similar or-
der can be expected for larger mχ as long as the emitted
charged pion is above the Cherenkov threshold [23].
The coupling Λuds in Eq. (1) will instead lead to
n→ K0χ and p→ K+χ [8, 9], the latter being even bet-
ter constrained than the pion mode for mχ  mp [27].
Since the outgoing kaon in p → K+ν is already below
the Cherenkov threshold its momentum is not important
in the analysis, so the limit of Ref. [27] should apply to
all p→ K+χ independent of mχ.
Naively it seems possible to eliminate nucleon decays
even for mχ < mn by considering coupling constants
Λijk with second or third-generation quarks, too heavy
to be produced. However, at loop level even a third-
generation coupling such as Λtbb will induce p → pi+χ,
p → K+χ, and n → γχ, which will hence remain the
best signatures of all Λijk for mχ < mn. We strongly
encourage dedicated searches for these two-body nucleon
decay modes for the entire mass range 0 ≤ mχ < mn
in Super-Kamiokande as well as in the future facilities
JUNO, DUNE, and Hyper-Kamiokande.
Notice that χ is stable in the mass regime mχ < mp +
me [7] and will therefore form dark matter [28]. If the
interactions underlying Lχ are in equilibrium in the early
universe we expect χ be asymmetric dark matter [29] on
account of its baryon number. Additional interactions
are typically necessary to produce the correct abundance,
which will however not influence the processes of interest
here.
B. χ heavier than the neutron
Proton and neutron decays are kinematically forbid-
den for mχ > mn, which drastically changes the phe-
nomenology of χ. For mχ in the GeV range, χ can still
be produced hadron decays, notably the two-body decays
baryon→ meson + χ ,
meson→ baryon + χ¯ , (3)
where χ typically leaves the detector as missing en-
ergy.1 To produce the heavy χ the initial hadron and
the interaction Lagrangian must contain second or third-
generation quarks. Such decays were already proposed
and discussed in Refs. [30, 31], where χ was assumed to be
a Majorana fermion which then also generated baryon–
anti-baryon oscillations. In our scenario baryon number
is conserved and the decays of Eq. (3) become the main
signature involving χ. Other decays of interest such as
baryon0 → γ + χ and baryon+ → `+ + ν + χ are sup-
pressed by αEM and GF , respectively, compared to pure
hadronic decays.
The calculation of the decay rates in Eq. (3) via the
Lagrangian Lχ is difficult because the relevant baryon-
number-violating matrix elements 〈baryon|qqq|meson〉
have, to the best of our knowledge, not been calculated
for the charm and bottom quarks of interest here. We
will resort to simple order-of-magnitude estimates for
now and leave a more sophisticated calculation for fu-
ture work. For the decays baryon → meson + χ we will
use Eq. (2) with the appropriate replacement of masses
and indices, keeping W0 ∼ 0.1 GeV2 as an appropriate
QCD matrix element independent of the quark flavors.
For meson decay to baryons we perform an analogous
calculation to obtain
Γ(mes→ bar + χ¯) ' W
2
0 |~pχ|
16piΛ4
(
1− m
2
χ +m
2
bar
m2mes
)
, (4)
with appropriate indices for Λ and again W0 ∼ 0.1 GeV2.
A by no means exhaustive collection of constraints is
given in Fig. 1. Since none of the processes in Eq. (3) have
been experimentally searched for so far, we only show the
most basic constraints from demanding that these decays
have a branching ratio below one. This translates into
lower bounds on Λ below 400 GeV; new-physics scales
this low are likely better constrained by LHC searches
for the underlying colored mediator particles [31]. How-
ever, dedicated searches can improve the rare-decay lim-
its considerably:
• Samples of up to a million Σ+ have been used 40
to 50 years ago to measure Σ+ → npi+ [32, 33] and
constrain Σ+ → n`+ν [34]. Revisiting this data
should make it possible to constrain Σ+ → pi+χ
to branching ratios around 10−5 for mχ ∼ mn. Σ+
are also copiously produced at hadron colliders and
LHCb has already collected more than 1014 [35]; it
should be possible to obtain excellent limits beyond
10−6 using this enormous dataset even though the
decay Σ+ → pi+χ is not particularly clean in LHCb
if χ leaves the detector.
• Ξ− → npi− has been constrained to branching ra-
tios 2 × 10−5 about 40 years ago [36] and similar
limits should apply to Ξ− → χpi− with mχ ∼ mn.
A much larger dataset of around 109 Ξ− has been
1 For Λ < TeV a displaced-vertex signature from χ decays such as
χ→ ppi− is possible as well, but will not be discussed here.
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FIG. 1: Lower bounds on the suppression scale Λijk in Lχ from various rare hadron decays. The shaded regions are excluded
using lifetime measurements, demanding the new decay channels to have branching ratios below 1. The dashed lines show
constraints if the decays involving χ could be probed to branching ratios below 10−6 in dedicated searches. See text for details.
collected in HyperCP [37] and should make it pos-
sible to improve this limit further down to 10−6.
• Λ+c are abundantly produced at Belle II, BESIII,
and LHCb, which should be able to push BR(Λ+c →
pi+χ) 1. The proposed Super Tau Charm Facil-
ity could also perform this and other searches [38].
• The B-factories Belle and BaBar have collected
data of roughly 109 B meson decays, with Belle II
aiming to collect 5×1010. Decays such as B+ → pχ¯
are sufficiently clean to be probed down to tiny
branching ratios, at least 10−6, most likely lower.
• Decays of Λ0b and Ξb into pi0χ can reach χ masses
above 5 GeV and could once again be probed in B
factories.
• For mχ exceeding ∼ 6 GeV, only top-quark decays
have enough energy to produce χ on shell. Judging
by existing constraints on the ∆B = 1 top-quark
decays BR(t → ` + 2jets) < 0.0017 [39], it seems
unlikely that our decays such as t → b¯b¯χ could
be probed far below 10−3. As a result, top quark
decays will probe effective scales Λ below 100 GeV,
where our effective field theory breaks down and
should be replaced by a UV-complete model.
Above and in Fig. 1 we have focused only on a small sub-
set of possible decay channels. Although dedicated anal-
yses have to be performed in all cases in order to assess
the actual experimental sensitivity to a given channel, it
seems feasible to reach branching ratio limits below 10−6
for 1 GeV . mχ . 5 GeV with existing experiments.
This then probes effective couplings Λ in the multi-TeV
region, completely uncharted terrain!
III. SCALAR WITH B = 1 AND L = 1
New singlet scalars carrying lepton number L = 2 have
been discussed recently in Refs. [19, 20]. Here we focus on
the case of scalars φ with B(φ) = L(φ) = 1 and effective
Lagrangian
Lφ =|∂φ|2 −m2φ|φ|2 +
(
diujuk`lφ
∗
Λ3ijkl
+
diujQkLlφ
∗
Λ˜3ijkl
+
QiQjuk`lφ
∗
Λ′3ijkl
+
QiQjQkLlφ
∗
Λ˜′3ijkl
+ h.c.
)
, (5)
ignoring couplings in the scalar potential. Since φ has
no gauge interactions but still carries baryon and lep-
ton number it could be called a sterile leptoquark. UV
completions of these operators are easy to construct and
sketched in Fig. 2. Additional lepton flavor symmetries
could be imposed in order to restrict the couplings [40, 41]
but will not be discussed here. Just like in the case of the
sterile neutron above the phenomenology differs drasti-
cally depending on φ’s mass relative to mn.
A. φ lighter than the neutron
For mφ < mn, the Lagrangian Lφ will lead to the neu-
tron decay n→ φν¯, no matter the underlying operator or
flavor structure. Limits of order 1031 yr on such an invisi-
ble neutron decay have been obtained in KamLAND [43]
and can be improved with future detectors [23]. For
mφ < mp + me, the hydrogen channel H → φγ opens
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FIG. 2: UV-complete realization of the decay baryon→ `+φ.
LQB are two heavy leptoquarks [42] with the same gauge
quantum numbers but different baryon numbers B.
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FIG. 3: Lower bounds on the suppression scale Λijke from var-
ious rare baryon decays. The shaded regions are excluded us-
ing lifetime measurements, the dashed lines show constraints
if the decays involving φ could be probed to branching ratios
below 10−6 in dedicated searches. See text for details.
up and for mφ < mp − me the two-body proton decay
channel p→ e+φ [17]:
Γ(p→ e+φ) ' |~pe|
16pi
β2
Λ6duue
(
1 +
m2e
m2p
− m
2
φ
m2p
)
∼ 1
1033 yr
(
7× 109 GeV
Λduue
)6
,
(6)
where β ' 0.014 GeV3 [24] describes the QCD matrix
element 〈0|(ud)RuR|p〉.
Limits on p→ e+φ and p→ µ+φ for mφ = 0 have been
obtained in Super-Kamiokande and exclude lifetimes be-
low 8 × 1032 yr and 4 × 1032 yr [44], respectively. Lφ
terms involving second and third-generation quarks will
also induce the two-body decays from above at loop level,
rendering them the cleanest probe for mφ < mn. Notice
that φ is stable for mφ < mp + me and will thus form
dark matter, albeit with an abundance that depends on
a variety of other factors.
B. φ heavier than the neutron
The stringently constrained nucleon decays involving φ
are absent for mφ > mn, but Lφ still allows for two-body
decays of the form
baryon→ `+ + φ . (7)
Notice that decays τ+ → baryon + φ¯ are kinematically
forbidden for mφ > mn. Using Eq. (6) with the appro-
priate replacement of labels and indices – but keeping
the same QCD matrix element for lack of dedicated cal-
culations – we can calculate the decay rates of Eq. (7)
for some baryons of interest, shown in Fig. 3. Since
the relevant operators in Lφ are of mass dimension 7,
the decay rates are suppressed by an additional factor
(ΛQCD/Λ)
2 compared to the processes involving sterile
neutrons. This results in rather weak limits on Λduu` that
are typically better constrained by LHC searches for the
underlying heavy mediators. Pushing Λduu` above TeV
requires measurements of branching ratios around 10−12,
which are difficult to achieve for the processes of inter-
est here despite the large number of heavy baryons in
e.g. LHCb [35]
IV. SCALAR WITH B = 2
Let us briefly discuss the last case of potential inter-
est, a new scalar ξ with baryon number B = 2 and ef-
fective couplings udduddξ¯/Λ6. The high mass dimension
of this operator makes it difficult to induce observable
rates in heavy hadron decays such as baryon→ ξ+ anti-
baryon. The only realistic signatures to probe this model
are nuclear decays, e.g. nn → ξpi0 or the fully invisible
(A,Z) → (A − 2, Z) + ξ for mξ . 2mn. The invisible
channel leads to de-excitation radiation as the daughter
nucleus relaxes to its ground state and has been con-
strained in KamLAND to lifetimes above 1030 yr [43], to
be improved in future facilities [23]. While a calculation
of the decay width is difficult, simple estimates show that
this pushes the limit on Λuddudd above the TeV scale.
V. SUMMARY AND DISCUSSION
The phenomenology of light new particles changes
drastically if they carry baryon or lepton numbers. In the
simplest examples discussed in this article we find a vari-
ety of nuclear decay channels such as p→ pi+χ and p→
`+φ that have not yet been explored experimentally for
non-zero mχ,φ. Of particular interest are invisible (multi-
)neutron decays such as n → ν¯φ and nn → ξ because
they do not depend on the masses of the new particles.
Dedicated searches or coverage via inclusive searches [23]
in Super-Kamiokande and future detectors are required
in order not to miss these sub-GeV particles. Particles
with masses in the GeV range would not induce proton
decay but could still be produced in heavy hadron decays
of the forms baryon→meson+χ, meson→baryon+χ¯,
and baryon→ anti-lepton+φ. These apparently baryon-
number-violating decays can be searched for in charm
and B factories such as BESIII, Belle II and LHCb. On
the experimental side this requires dedicated sensitivity
studies in order to identify the most promising mother
and daughter particles; on the theoretical side this re-
quires a calculation of the relevant matrix elements. Ul-
timately a more complete model for these particles is
desirable that connects them to dark matter and the
baryon asymmetry of our universe, to be discussed in
future work.
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